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AIRFOILS WITH AILERONS FOR WIND TURBINE APPLICATION

G.M. Gregorek and R.J. Kuniega
Ohjo State University
Columbus, Ohio

and

T.W. Nyland
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

SUMMARY

The aerodynamic similarity between a small (4-in. chord) wind tunnel model
and a full-scale wind turbine blade (24-ft tip section with a 36-in. chord) was
evaluated by comparing selected pressure distributions around the geometri-
cally similar cross sections. The airfoils were NACA 64-621 sections, includ-
ing trailing-edge ailerons with a width equal to 38 percent of the airfoil
chord. The model airfoil was tested in the OSU 6- by 12-In. High Reynolds
Number Wind Tunnel; the full-scale blade section was tested in the NASA Langley
Research Center 30- by 60-Ft Subsonic Wind Tunnel. The model airfoil contained
61 pressure taps connected by embedded tubes to pressure transducers. A belt
containing 29 pressure taps was fixed to the full-scale section at midspan to
obtain surface pressure data.

Lift coefficients were obtained by integrating pressures, and corrections
were made for the three-dimensional effects of blade twist and downwash in the
blade tip section. Good correlation was obtained between the results of the
two different experimental methods for angles of attack from -4° to 36° and
aileron deflections from 0° to 90°.

INTRODUCTION

Aerodynamic pressures on an NACA 64-621 airfoil equipped with a plain
aileron with a width equal to 38 percent of the chord have been measured in
two previous studies. The first (ref. 1) dealt with the pressure distributions
on this airfoil obtained from a small two-dimensional model with a 4-in. chord
tested in the Ohio State University Aeronautical and Astronautical Research
Laboratory's (AARL) 6- by 12-In. High Reynolds Number Wind Tunnel. In the sec-
ond study (ref. 2) surface pressures were measured by means of a pressure belt
mounted at midspan on a full-scale, 24-ft-long outboard section of a 200-kW
wind turbine blade, tested in NASA Langley Research Center's 30- by 60-Ft Sub-
sonic Wind Tunnel.

The opportunity to compare aerodynamic pressure distributions over the same
airfoil shape in these two very different experimental facilities on models
differing in size by an order of magnitude presented a true test of model simi-
larity rules. Both sets of data were subsonic, although Mach and Reynolds




numbers differed somewhat: M = 0.25 and Re = 5x100 for the pressurized OSU
tunnel, and M = 0.10 and Re = 1.5x100 for the NASA atmospheric-pressure
facility. The two Reynolds numbers were based on the 4-in. chord of the OSU
mode]l and the 3-ft chord at the pressure belt station of the rotor blade.

The aerodynamic similarity between a small wind-tunnel model and a
full-scale wind turbine blade were evaluated by comparing selected pressure
distributions in the disparate environments of the two facilities. Of special
interest were the potential limits of good quality data at high angles of
attack and high angles of aileron deflection in the small OSU facility in con-
trast to the large unconstrained flow of the NASA full-scale tunnel. Also of
interest was the quality of pressure belt information, which is economically
obtained on full-scale components but suffers potential errors from the simpli-
fied installation method.

EXPERIMENTAL PROCEDURES
Model Testing in OSU 6- by 12-In. High Reynolds Number Wind Tunnel

The wind tunnel and the model are shown schematically in figures 1 to 3.
Normalized coordinates of the surfaces of an NACA 64-621 airfoil are listed in
table I. The 4-in.-chord model was manufactured of an epoxy-aluminum material.
Thirty-four pressure taps were formed into the main airfoil, and 27 pressure
taps were formed into the aileron of this two-element, two-dimensional model.
Plastic tubes were led from the pressure taps through the model and out through
the rectanqgular end blocks to a pressure-scanning system. As shown in figure 3
the end blocks fit into circular mounting plates that fit flush with the tunnel
walls and can be rotated to alter the angle of attack. The aileron was set
into its own mounting plate, allowing rotation from 0° deflection to 100°
(trailing edge up). Further details of the model installation and test proce-
dure are given in references 1 and 3.

Full-Scale Testing in NASA Langley 30- by 60-Ft Subsonic Wind Tunnel

A section of a Mod-0O wind turbine blade was mounted vertically on a plate
in the tunnel floor, as shown in figure 4. This plate was supported by a load-
balance system and could be rotated about a vertical axis to change the airfoil
angle of attack. Key dimensions of the installation are shown in figure 5. A
pressure-measuring belt was fixed near midspan and 12.3 ft from the tip. The
sensing end of the pressure-measuring system illustrated in figure 6 consisted
of a belt comprising twenty-nine 0.125-in.-0.d. by 0.040-in.-i.d. plastic
tubes. The wall of each tube was bored with a single static pressure tap
0.040 in. in diameter. The tap locations were selected so that a chordwise
pressure distribution could be measured completely around the airfoil. The
pressure belt was attached to the blade section with a silastic rubber cement.
The pressure belt tubing and all auxiliary wiring then passed through the blade
skin and down the inside of the blade through the tunnel floor to the control
room below. A microprocessor was set up to digitize and format the data and
then send them to a cassette tape recorder. Details of the design and opera-
tion of the pressure belt system can be obtained from reference 4.



RESULTS AND DISCUSSION

A direct comparison of the results from the two different tests was ham-
pered by the fact that the model data were taken at 3° increments in angle of
attack but the full-scale data were taken at 2° increments. In addition, the
full-scale blade was twisted so that the nominal or geometric angle of attack
at the tip differed by about 1° from the angle of attack at the station at
which the pressure belt was mounted. Furthermore, the full-scale section had
a downwash from the tip, but the two-dimensional model had no downwash. Never-
theless, with these cautions in mind, it was still possible to extract valuable
comparative information from the two test methods.

Chordwise Pressure Distributions

Typical pressure distributions along the airfoil chords are presented in
figure 7 for a nominally 0° aileron deflection. At modest angles of attack
(fig. 7(a)) the flow was fully attached to both test airfoils. Lift coeffici-
ents obtained by integrating the surface pressures were approximately 0.4 for
both the model and the full-scale airfoil. With the exception of the upper
surface pressures at x/c < 0.1, local pressures from the two tests were in rea-
sonable agreement. Note that the gap flow at x/c = 0.6 is well represented in
both pressure distributions. Nominal angles of attack, however, were somewhat
different at the two test sections. The full-scale section had an angle of
attack of 4°; the model data are for a 0° angle of attack.

At a partially stalled condition (fig. 7(b)) both pressure distributions
exhibited the flow pressure plateau representative of separated flow aft of
the aileron gap on the upper surface. This agreement between the two pressure
distributions is encouraging. The continuing concern that wind tunnel data,
which are nominally two dimensional, may not be representative of "real" three-
dimensional wind turbine rotors is eased somewhat by this agreement. Again,
the nominal angle of attack of the full-scale airfoil was somewhat larger than
that of the model airfoil. In this case the difference was 2°.

Figure 8 compares two data sets at 0° angle of attack. In one set
(fig. 8(a)) the aileron was undeflected; in the other (fig. 8(b)) the aileron
was deflected 90° (trailing edge up) for maximum aerodynamic braking. In this
extreme case the entire upper surface of each airfoil was near stagnation pres-
sure while the lTower surface was at very low pressure. The agreement of the
back-side pressures on the aileron is remarkable considering that the model
data were obtained on a two-dimensional 4-in. airfoil in a 6- by 12-in. test
section and the full-scale pressures were measured on a three-dimensional rotor
blade with a 3-ft chord in a 30- by 60-ft facility.

Even more interesting data are given in figure 9 for 90° of aileron
deflection. In both the model and full-scale tests pressure distributions
were observed to change drastically between 18° and 36° angles of attack. At
18° the upper surfaces were in a high-pressure region and the lower surfaces
were in a low-pressure zone, yielding negative 1ift coefficients. However,
when the angle of attack was increased to 36°, the upper surface pressures
showed separation and were at an essentially constant low pressure, but the
lower surfaces were then acted upon by retatively high pressures. The net




result was a positive 1ift coefficient. In other words, the braking effect of
the deflected aileron was overcome and the airfoil could produce power.

When these reverse pressure distributions were first obtained on models in
the OSU facility, there was some concern that the test section walls were con-
tributing to these extreme pressure changes. The excellent agreement shown in
figures 10 and 11 between the subscale and full-scale pressure distributions
has relieved these concerns.

Lift Coefficients

Surface pressures were integrated to determine 1ift coefficients for
selected cases. The OSU model was designed specifically for this pressure
integration procedure and had 34 pressure taps on the main element plus 27
pressure taps on the aileron. Integration of pressures from this large number
of orifices can be expected to produce stable, repeatable 1ift and drag coeffi-
cients. Only 29 pressure orifices were available from the pressure belt.
Although this is sufficient to define the force normal to the airfoil, integra-
tion of pressures from this limited number of taps will not produce accurate
chordwise forces. Therefore only 1ift coefficients are presented in this study.

As shown in figure 10, at 0° aileron deflection the model NACA 64-621 had
a zero-1ift angle of -4°, a 1ift curve slope of 0.091 per degree, and a maximum
1ift coefficient of 1.2. By comparison, the full-scale blade section had a
zero-1ift angle of -2°, a lift curve siope of 0.074 per degree, and a maximum
1ift coefficient of 1.1.

The difference in zero-1ift angle was attributed to the twist of the full-
scale blade, and the discrepancy in the 1ift curve slope was probably caused by
a combination of downwash in the full-scale blade and differences in Reynolds
number (5x106 for the model and 1.5x100 for the full-scale airfoil). The dif-
ference between the maximum 1ift coefficients was similarly attributed to a
Reynolds number mismatch compounded by a small deflection of the full-scale
aileron under load. At high angles of attack and small aileron deflections the
full-scale aileron deflected about 1.5° (trailing edge up), decambering the
airfoil. Because of this small aileron deflection the 0° angle of attack point
for the full-scale test data is shown in parenthesis, and the 1ift coefficient
has been lowered by 0.06 to account for a difference in aileron deflection at
this angle of attack from the rest of the data at this aileron setting.

Aileron deflection angles of 10° and 90° (trailing edge up) are also pre-
sented in figure 10 as functions of angle of attack. The 10° deflection demon-
strated the same behavior as the nominal 0° deflection, with a linearly
increasing 1ift coefficient followed by a gentle stall. For this deflection
the maximum 1ift coefficients for both the model and full-scale airfoils were
nearly identical at 0.95. At 0° angle of attack the changes in 1ift per degree
of aileron deflection were 0.055 and 0.060 for the model and full-scale tests,
respectively. When the aileron was deflected to 90°, the integrated pressures
yielded a nonlinear variation with angle of attack, and remarkably good agree-
ment was obtained between the two data sets, considering the extreme aileron
deflection and the large angles of attack.



The 1ift data from the full-scale three-dimensional test were scaled to
two-dimensional form, taking into account the -2.2° twist of the rotor at the
pressure belt station and the corresponding induced angie of attack. Figure 11
shows the results of this scaling, again compared with the two-dimensional
model data. At 0° aileron deflection the scaled three-dimensional data yielded
a zero-1ift angle of -4.4°, a 1ift curve slope of 0.082 per degree, and a maxi-
mum 1ift coefficient of 1.1. Scaling brought the zero-1ift angles and 1ift
curve slopes into closer agreement but did not affect the maximum 1ift coeffi-
cient difference of 0.1.

Scaled three-dimensional 1ift data for aileron settings of 10° and 90°
(trailing edge up) are also compared with two-dimensional data in figure 11.
For the 10° deflection the OSU two-dimensional data corresponded almost identi-
cally to the scaled Langley data, with 1ift curve slopes of 0.090 and 0.093 per
degree, respectively. At an aileron setting of 90° the Langley scaled data and
the OSU data followed the same nonlinear variation with increasing angle of
attack. However, the 1ift coefficient for the full-scale airfoil was 0.1 to
0.3 higher than that measured with the OSU model airfoil. This was primarily
due to the different Reynolds numbers for the two tests.

CONCLUSIONS

Surface pressures were measured in two very different wind tunnels on a
model and a full-scale NACA 64-621 airfoil equipped with a 0.38-chord aileron.
The model, a two-dimensional configuration with a 4-in. chord and flush pres-
sure taps, was tested in the pressurized OSU 6- by 12-In. High Reynolds Number
Wind Tunnel. The full-scale airfoil, which was an actual tip section of a
Mod-0 200-kW wind turbine rotor of riveted aluminum construction, was tested
in the NASA Langley Research Center 30- by 60-Ft Subsonic Wind Tunnel. A
29-port pressure belt was used to obtain the pressure distributions near the
midspan of the full-scale airfoil, at a station with a 3-ft chord.

Based on a comparison of the data from these two tests at very different scales
and using different testing procedures, the following conclusions were drawn:

1. When corrections were made for the effects of blade twist and downwash
in the full-scale airfoil, surface pressures from both tests were essentially
in agreement.

2. In the poststall regime two-dimensional aerodynamic properties obtained
in the small-scale OSU facility agreed with the pressure and 1ift data measured
on the three-dimensional rotor in the large-scale NASA wind tunnel.

3. Using pressure belts on the full-scale rotor section was an economical
method of obtaining surface pressures. Integration of the surface pressures
produced 1ift coefficients of acceptable engineering precision.

4. When the aileron section of the airfoil was deflected 90°, the rapid
change from negative to positive 1ift coefficient, which was noted in the OSU
two-dimensional tests as the angle of attack increased from 18° to 36°, was
duplicated in the full-scale test. This observation relieves earlier concerns




that the OSU wind tunnel might in some way be influencing the 1ift data and
causing the rapid change.
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TABLE I. -~ NACA 64-621 AIRFOIL COORDINATES

{Coordinates normalized to airfoil chord
dimension «c¢.]

Upper surface Lower surface
x/c, y/c, x/c, y/c,
percent percent percent percent
-0.085 0.768 -0.085 0.768

-.038 1.223 0 0
.083 1.696 .459 -.954
.581 2.573 1.569 -2.006

1.197 3.298 3.096 -2.851
7.045 7.260 8.455 -4.657
9.294 8.277 10.706 -5.173
15.343 10.401 13.688 -5.741
21.432 11.907 19.616 -6.577
24.486 12.475 25.514 -7.105
30.606 13.276 31.394 -7.364
39.798 13.623 40.202 -7.196
48.982 12.840 49.018 -6.223
58.124 11.296 60.841 -4.268
70.224 8.446 69.776 -2.612
79.221 5.944 78.779 -1.037
88.152 3.353 87.848 .151
94.076 1.665 93.924 .502
100.000 0 100.000 0
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